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We investigate the response of a polariton laser driven slightly off-resonantly using light fields
differing from the routinely studied coherent pump sources. The response to driving light fields with
thermal and displaced thermal statistics with varying correlation times shows significant differences
both in the transmitted intensity, its noise and the position of the non-linear threshold. We predict
that adding more photons on average may actually reduce the transmission through the polariton
system.
PACS numbers: 42.50.Ar,42.55.Sa
I. INTRODUCTION
In optical spectroscopy, most experiments are per-
formed with coherent light fields due to their appeal-
ing properties. They can be created with well defined
and easily tunable average photon number, have a well-
defined phase and as eigenstates of the photon annihila-
tion operator they are insensitive to loss and non-ideal
detection efficiency. Nevertheless, recently it has been
suggested that additional photon number noise may in-
deed prove beneficial for example in experiments based
on multi-photon absorption1 or stochastic resonance2.
Further, it has been demonstrated that tailoring the pho-
ton statistics of an excitation light field may provide sig-
nificantly deeper insights into the response and dynam-
ics of a system3,4 or can be used to distinguish different
many-body effects5,6.
Here, we study the interaction of light with thermal pho-
ton number statistics with a polariton fluid in a micro-
cavity. Exciton-polaritons are quasiparticles consisting
of excitons and photons in the strong coupling regime.
The Coulomb interaction between them arising due to
the excitonic part results in significant interparticle scat-
tering. The photonic part results in a very light mass
of polaritons. As the photonic component is a part of
the polariton wave function, polaritons couple to light
fields. Therefore, they can be excited optically and the
light emitted from a polariton system directly represents
its state. One of the most intriguing properties a po-
lariton fluid may exhibit is bistability. When pumped at
normal incidence, the transmission of an incident light
beam depends on the spectral overlap between that light
field and the polariton mode. The latter depends on the
occupation of the polariton system. Due to the exci-
tonic polariton component, interactions between polari-
tons of the same spin result in a blueshift of the po-
lariton state. If the pump light field itself is at higher
energy compared to the polariton ground state, these in-
teractions will increase the spectral overlap between these
two modes, which will in turn lead to the excitation of
more polaritons. At some pump photon number non, this
feedback loop gives rise to a strongly non-linear behav-
ior and the system turns into the on-state, yielding high
transmission. When reducing the pump intensity again,
the system will transit back into the off-state again, but
the threshold noff will be lower than non. The region
between these two thresholds is the bistability regime,
where two solutions for the transmission of the system
exist, depending on the occupation number of the polari-
ton system.
II. POLARITON MODEL AND PUMP PHOTON
STATISTICS
This simple picture is valid for a pump density that is
well described by its mean value and only subject to small
fluctuations. That prerequisite is fulfilled for coherent
laser light fields, which show a Poissonian photon number
distribution around the mean value
pcoh(n) =
〈n〉ne−〈n〉
n!
, (1)
but not for a wide range of important other light sources
like thermal light emitted from a blackbody. Thermal
light follows a Bose-Einstein photon number distribution
pth(n) =
〈n〉n
(1 + 〈n〉)n+1
, (2)
for which zero is always the most probable photon num-
ber and the photon number distribution is very broad.
This implies that when pumping a polariton fluid using a
thermal light field,even if the mean pump photon number
is above non, there will still be times when the instanta-
neous pump photon number is below noff . Depending
on the timescale of the photon number fluctuations, the
polariton fluid may actually never reach a true steady
state, but move back and forth between the on and off
states in a random manner. A reasonable model of the
dynamics of a driven polariton fluid ψ is given by the
following equation:
dψ
dt
= (−
1
2
γc −
i
h¯
(∆ + g |ψ|2))ψ + P (t), (3)
where P represents the time-dependent amplitude of the
pump field, γc denotes the cavity decay rate, ∆ represents
the energy detuning between the pump energy and the
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FIG. 1. (Color online) Comparison of the two pumping
schemes. Upper panel: Thermal (black line) and coherent
(red line) pump photon number npump time streams for the
same mean photon number 〈n〉pump=79. Bottom panel: Time
series of the polariton occupation number npol. For the co-
herent pump beam, the system may be in the on-state (upper
red line) or the off-state (lower red line) depending on the
initial polariton number. For the thermal pump (black line),
the system state switches irregularly between the on- and off-
states.
polariton ground state and g is the polariton-polariton
interaction constant7. For simplicity, we assumed circu-
larly polarized pumping, so that only one spin species is
present. Due to the spin-anisotropic polariton-polariton
interaction, a much more complex behavior is expected
when linearly polarized pumping is used or polariton spin
flip processes become important8. For our simulations we
used values of γc=0.1 ps
−1, g=6µeV and ∆=-2meV.
Typically simulations use a constant driving term. The
case of coherent pumping with added coloured noise has
also been investigated9. In order to evaluate the dif-
ferences between a classical coherent pump and thermal
driving, we simulate the thermal light in terms of a ran-
dom walk of n independent oscillators10. Each oscillator
is initialized with a random phase and performs a ran-
dom phase jump per time bin. By setting the maximum
phase change each oscillator can undergo per simulation
time bin, we can directly control the correlation time of
the light field. We simulate a total time window of 1µs
and average over 20 realizations of the random thermal
pump field.
Figure 1 demonstrates the central difference between the
two pumping schemes in terms of a time stream of the
pump photon numbers at the same mean pump den-
sity and the corresponding polariton occupation num-
bers. For coherent excitation (red lines) the mean pump
photon number is constant and depending on the initial
state of the cavity, the polariton system will be in the
on- or off-state constantly. For thermal excitation (black
lines), the pump photon number is fluctuating strongly
and the polariton system repeatedly switches back and
forth between the on- and off-states. Here, the long-
term behavior does not depend on the initial condition
of the cavity. The results show that the system is likely to
switch to the on-state after short pump intensity bursts.
The average time the system spends in the on-state is
significantly longer than the duration of the pump in-
tensity bursts. Thus, it seems natural to assume that
the average on-time depends more strongly on the cav-
ity parameters than on the pump beam properties, while
the process of switching to the on-state is clearly deter-
mined by the pump field. Accordingly, it seems worth-
while to study not only the influence of the magnitude
of the pump photon number noise, but also the typical
time scale of the fluctuations, which will be called the
correlation time τc in the following.
III. POLARITON OCCUPATION NUMBER
The most basic quantity which may show a depen-
dence on photon statistics is the mean polariton occu-
pation number or equivalently the transmission through
the cavity. Figure 2 shows a direct comparison of the
polariton fluid mean occupation numbers under coher-
ent and thermal pumping. For a coherent pump source,
the bistability region can be seen clearly, while there is
only one curve for thermal pumping. In the latter case,
the shape of the transmission curve shows a peculiar de-
pendence on the pump field correlation time. For slowly
varying thermal pump fields and low pump photon num-
bers below the bistable region, there is almost no differ-
ence between coherent and thermal pump fields. In this
regime, the transmission through the cavity is mainly
governed by the mean photon number of the pump light
field. Within the bistable region, the thermal transmis-
sion curve follows an intermediate shape between the on-
and off-state seen for coherent pumping. At the lower
end of the bistable region, the thermal response is closer
to the off-state, while it approaches the on-state at its
upper end. For pump photon numbers above non, the
thermal response almost equals the coherent response
again. For shorter correlation times and, accordingly,
faster fluctuations, the results show a remarkable differ-
ence. Below the bistability threshold, the transmission is
enhanced significantly and proportionally to the inverse
correlation time. The onset of the strong non-linear in-
crease in the transmission curve is reached at much lower
〈n〉pump, which may be up to one order of magnitude
lower compared to the case of coherent pumping. Sur-
prisingly, the transmission reaches a maximum within the
bistable region and decays slowly afterwards. These re-
sults can be readily understood by taking the different
time scales of the photon number fluctuations and the
cavity decay rate into account. Due to the fluctuations
present, npump will sometimes exceed non and the polari-
ton system will switch to the on-state. At some point,
npump will fall below noff and the system will develop
back to the off-state again. However, the crucial quan-
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FIG. 2. (Color online) Mean polariton occupation number
for pumping with thermal light fields with different τc. The
solid red line denotes the corresponding curve for coherent
pumping.
tity that determines whether the system is in the on- or
off-state is the spectral overlap between the pump beam
and the polariton mode, which is governed by npol and
not by npump. If npump drops again, the corresponding
decay of npol will occur with a delay governed by the
cavity lifetime, which is proportional to γ−1c . If the fluc-
tuations in npump are slow, this delay is negligible and
npol will follow npump almost instantaneously. The cavity
transmission reduces to a function of npump. For faster
fluctuations, the delay may become comparable to the
time scale of the fluctuations. In this case, the photon
numbers will return to values below noff , but the slower
cavity decay time will keep the system in the on-state for
a slightly longer time. The faster fluctuations will also
lead to the system turning to the on-state slightly more
often. The combination of these two effects leads to the
enhanced transmission through the cavity seen for values
of 〈n〉pump below or in the bistability region. At very high
〈n〉pump the opposite effect takes place. For large enough
npol the polariton mode energy shifts above the pump
light field energy and the spectral overlap reduces again.
The cavity acts as an optical limiter. For slow fluctu-
ations, the cavity transmission will again follow npump
almost instantaneously when it falls below noff , while
for fast fluctuations, the cavity transmission will return
to higher transmission only after a delay as discussed
above. In this regime, the delay results in reduced over-
all transmission. After investigating the limiting cases
of pure coherent and thermal pumping, it is also worth-
while to study the intermediate case of displaced thermal
states, which are equivalent to a thermal field offset by
a coherent amplitude. In practice, such a light field may
be easily realized by splitting a coherent beam, creating
a pseudothermal beam using one of the split beams and
recombining the two beams afterwards. The transmis-
sion of the polariton system for displaced thermal states
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FIG. 3. (Color online) Mean polariton occupation for pump-
ing with several displaced thermal states in the slow fluctua-
tion limit γcτc = 15.8. Red lines show the bistability curves
under coherent pumping for comparison. The non-linear rise
becomes steeper with increased coherent offset. For large co-
herent offsets, additional thermal pumping may actually re-
duce the occupation number.
with several coherent displacement amplitudes is shown
in figure 3. Red lines denote the results for purely co-
herent pumping for comparison. For all displacements,
a distinctive non-linear increase occurs, which is shifted
to larger mean total pump photon numbers compared to
pure thermal excitation with increasing coherent fraction
and also becomes steeper. Far above non all curves show
the same behavior already identified for pure thermal
pumping. While the transmission curve lies in between
the two branches of the bistability curve for most pump
fields including some thermal component, for large coher-
ent fractions, the transmission indeed reaches the upper
branch of the bistability curve directly after crossing the
threshold. It is especially remarkable that the transmis-
sion curve lies below the coherent transmission curve for
large coherent offset and these results do not depend on
whether one starts with a cavity in the on- or off-state.
In this regime, the coherent component on its own with-
out any thermal addition would be sufficient to keep the
system in the on-state. Surprisingly, adding additional
thermal intensity may actually return the cavity to the
off-state. This surprising result becomes understandable
when taking into account that a displaced thermal state
is not simply an incoherent superposition of light from
two sources, but a coherent addition of its fields. This
can be seen intuitively by looking at the Wigner function
of the field, which is a quasi-probability distribution of
the quadratures of the light field as shown in figure 4. As
explained earlier, a thermal field field can be described in
terms of a random walk of independent oscillators, which
is equivalent to a Gaussian distribution in phase space
centered at zero with a width given by the mean photon
number. The Wigner function of a coherent state is a
minimal uncertainty state displaced by a coherent am-
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FIG. 4. (Color online) Wigner quasi-probability distribu-
tions of a coherent state with 〈n〉=100 (upper panel), a ther-
mal state with 〈n〉=20 (middle panel) and the combined dis-
placed thermal state with 〈n〉=120 (bottom panel). Note that
the displaced thermal state yields significant probabilities for
lower field quadratures than the pure coherent state although
it has a larger mean photon number.
plitude α. A displaced thermal state is a combination
of both: A Gaussian distribution centered at some finite
displacement. Comparing the Wigner functions of a co-
herent state and a displaced thermal state of the same
displacement, it is immediately obvious that although
the mean photon number of the displaced thermal state
is higher than that of the coherent state, there is also
a finite probability that the instantaneous photon num-
ber is much smaller than in the coherent case at some
moment. During these periods of low npump, the system
will return to the off-state for a short while, which results
in the counterintuitive result, that introducing some ad-
ditional thermal component to a coherent pump beam
may actually result in switching a previously stable sys-
tem off. As a possible application, it might be feasible to
control bistability and switch between the two branches
of the bistability curve just by adding thermal light.
IV. POLARITON NUMBER STATISTICS
When investigating the response of a polariton sys-
tem to the photon number variance of the pump beam,
it is straightforward to assume that also the polariton
number statistics will show non-trivial properties. Pho-
ton number statistics have already been suggested as in-
dicators in order to identify interesting properties like
chaos in microlasers11, photon blockade12, higher-order
antibunching13 or bundled photon emission14. In polari-
ton systems, occupation number statistics have already
been utilized to monitor scattering processes15, identifi-
cation of the polariton laser regime16–18 and have been
proposed as a good indicator for phenomena like ana-
logues to black holes19,20. Generally speaking, it is ex-
pected that the noise of npol should be larger than that
of npump as the non-linearity acts in a similar fashion as
an amplifier and phase-insensitive amplification increases
noise. We quantify the noise in terms of the equal-time
second-order correlation function
g(2)(0) =
〈: n2pol :〉
〈n〉2pol
, (4)
where the double stops denote normal ordering of the
underlying field operators. Figure 5 displays g(2)(0) for
pumping with several displaced thermal states. Below
the bistability region the polariton statistics reproduce
those of the driving field, which corresponds to values
of g(2)(0) between 1 and 2, depending on the relative
fractions of thermal and coherent light. A pronounced
noise overshoot of up to g(2)(0)=14 appears in the
bistability region. With increasing coherent displace-
ment, the magnitude of noise decreases and the region
of increased noise narrows. These results mirror the
effects already seen in the polariton occupation number.
With increasing coherent displacement, the non-linear
threshold spans a smaller region of photon numbers and
it is only this region, which gives rise to the huge po-
lariton number variance. Beyond the threshold, g(2)(0)
gradually retuns to lower values again with the notable
exception of the two largest coherent displacements. For
these two cases, the polariton statistics return to the
coherent value of 1 directly behind the threshold before
increasing again slightly. Comparing the results with
figure 3 directly shows that this sudden appearance of
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FIG. 5. (Color online) Equal-time second-order correlation
function g(2)(0) of npol for pumping with several displaced
thermal states. The red line denotes the photon number
statistics of a purely coherent pump beam for comparison.
Dashed lines mark the range of the bistable region for coher-
ent pumping.
coherence coincides with the transmission moving to the
upper branch of the bistability curve. The interpretation
of this effect is straightforward. As already discussed,
adding a thermal component to a coherent light field
yields some probability to increase the instantaneous
photon number, but it yields also a smaller probability
to reduce it. As shown in figure 4, this depends on
the width of the thermal light field in phase space and
therefore on the photon number of the thermal light
field. Adding more thermal photons increases the mean
photon number of the displaced thermal state, but it
also reduces the smallest instantaneous photon number
that can occur with reasonable probability. Accordingly
both the pinning of the transmission to the upper
branch of the bistability curve and the emergence of
a coherent polariton state result from the same effect.
The bare coherent pump state is too weak to switch
the polariton system to the on-state. Adding a small
thermal component to the pump yields a reasonable
probability for instantaneous photon numbers sufficient
to switch to the upper branch of the bistability curve,
but the probability for decreasing the instantaneous
pump photon number below noff is essentially zero.
The system becomes pinned to the on-state.
V. CONCLUSIONS
To conclude, we have theoretically studied the response
of a polariton fluid to a noisy driving field showing ther-
mal photon number statistics and to displaced thermal
pump states. We found a pronounced dependence of the
polariton occupation number on the displacement and
the correlation time of the external light field and were
able to demonstrate that adding more photons on av-
erage may actually lead to a reduced photon number
during some instants. We investigated the impact of
this effect on a bistable polariton system. Its response
shows a large photon number variance overshoot in the
threshold region. Such photon extrabunching has at-
tracted considerable attention recently in a wide variety
of systems21–24 and may prove useful for multi-photon
excitation spectroscopy1 and ghost imaging25. Also, it
might be possible to utilize added thermal components
for switching in bistable systems. Adding feedback to
the system may result in chaotic behavior, which is of
interest for optical random number generation26.
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